In Drosophila melanogaster, the patterning of dorsal appendages on the eggshell is strictly controlled by EGFR signaling. However, the number of dorsal appendages is remarkably diverse among Drosophila species. For example, D. melanogaster and D. virilis have two and four dorsal appendages, respectively. Here we show that during oogenesis the expression patterns of rhomboid (rho) and argos (aos), positive and negative regulators of EGFR signaling, respectively, were substantially different between D. melanogaster and D. virilis. Importantly, the number and position of both the rho expression and MAPK activation were consistent with those of the dorsal appendages in each species. Despite the differences in the spatial expression, these results suggest that the function of EGFR signaling in dorsal appendage formation is largely conserved between these two species. Thus, our results link the species-specific activation of EGFR signaling and the evolution of eggshell morphology in Drosophila. q
Introduction
The morphological diversity of animals has attracted developmental biologists mostly for two major reasons. First, despite great phylogenic distance, animals often use common developmental strategies, e.g. body-axis formation and somitogenesis (Carroll et al., 2001; Gilbert, 2000) . The finding that developmental mechanisms are conserved across phyla led to a greatly improved understanding of the evolution of the developmental body plan (Carroll et al., 2001; Gilbert, 2000) . Second, evolution gave rise to a series of morphological changes that can often be traced along the phylogenic tree (Carroll et al., 2001; Gilbert, 2000) . These variations reveal a unique developmental blueprint and method of gene regulation in each species. Although conservation of developmental mechanisms occurs in many organisms, little is known about the changes that elicit such evolutionary diversity.
In the genus Drosophila, the shape of the eggshell has diversified evolutionarily (Patterson and Stone, 1952; Throckmorton, 1962) . The dorsal appendages that supply the developing embryos with oxygen are a prominent feature of this diversity (Spradling, 1993) . The genus Drosophila has two major subgenera, Sophophora and Drosophila, which split 40 -60 million years ago (Powell, 1997) . All Sophophora species, including Drosophila melanogaster, have eggshells with two dorsal appendages, while most Drosophila species, including Drosophila virilis, have four ( Fig. 1A and B ; Throckmorton, 1962) . Thus, the change in the dorsal appendage number between D. melanogaster and D. virilis probably represents the evolutionary divergence of these two subgenera.
The dorsal appendages are formed from the dorsoanterior cells in the follicular epithelium that overlays the oocyte during oogenesis (Fig. 1C) . In D. melanogaster, the positioning of the two dorsal appendages has been studied extensively, and EGFR signaling plays a major role in this process (Barkai and Shilo, 2002; Freeman, 2000; Nilson and Schüpbach, 1999; Perrimon and Duffy, 1998; Stevens, 1998) . Recently, Wasserman and Freeman (1998) proposed a model for how the two dorsal appendages are formed in this species. According to this hypothesis, formation of the dorsal appendages is controlled by the EGFR signal, which occurs as an autoregulatory cascade and involves three main steps: a paracrine induction, an autocrine amplification, and a local inhibition (Fig. 1D ). Initially, a transforming growth factor-a-like ligand, Gurken (Grk), is secreted from the dorsoanterior region of the oocyte, where the nucleus is located (shown by 'n' in Fig. 1C ), as a paracrine signal to the dorsal region of the overlying follicle epithelium. In the dorsoanterior region of follicle cells, Drosophila EGFR is expressed uniformly and activated at stage 8/9 ( Fig. 1D ; González-Reyes et al., 1995; Neuman-Silberberg and Schüpbach, 1993; Price et al., 1989; Sapir et al., 1998; Schejter and Shilo, 1989; Schüpbach, 1987; Wasserman and Freeman, 1998) . Autocrine amplification of the EGFR signal is then triggered by another ligand, Spitz (Spi), which is expressed uniformly in the follicle cells at stage 10 ( Fig. 1D ; Rutledge et al., 1992; Sapir et al., 1998; Schweitzer et al., 1995b; Wasserman and Freeman, 1998) . To function as an EGFR ligand, Spi must be cleaved into its active form by Rhomboid (Rho), an intramembrane serine protease that is expressed in spatially and temporally dynamic patterns in the dorsal follicle cells (Bier et al., 1990; Lee et al., 2001; Peri et al., 1999; Ruohola-Baker et al., 1993; Sapir et al., 1998; Urban et al., 2001; Wasserman and Freeman, 1998) . This amplification causes the peak levels of EGFR signaling on the dorsal midline to reach the threshold required for the expression of the secreted EGFR antagonist, Argos (Aos), at stage 11 ( Fig. 1D ; Freeman et al., 1992; Queenan et al., 1997; Wasserman and Freeman, 1998) . Thus, a negative feedback loop involving Aos establishes twin peaks of EGFR signaling activity that correspond to the positions of the two dorsal appendages, at stage 12/13 ( Fig. 1D ; Schweitzer et al., 1995a; Wasserman and Freeman, 1998) . Although computational analysis predicts that such a mechanism could generate the more complex eggshell morphology observed in related fly species, this model has never been validated in a species other than D. melanogaster (Shvartsman et al., 2002) . We used these well-understood mechanisms to investigate whether divergence of the developmental system could explain the morphological evolution found among different species of Drosophila.
Here, we compared the patterns of rho and aos expression and of MAPK activation between two different Drosophila species, D. melanogaster and D. virilis, which have two and four dorsal appendages, respectively (Patterson and Stone, 1952; Throckmorton, 1962) . Our results suggest that diversity in the expression pattern of the genes regulating EGFR signaling plays a key role in the evolutionary diversity of the number of dorsal appendages in these two Drosophila species.
Results
The eggshells of D. melanogaster and D. virilis have two and four dorsal appendages, respectively ( Fig. 1A and B) . In D. melanogaster, rho and aos appear to play pivotal roles in determining the position, shape, and number of dorsal appendages (Peri and Roth, 2000; Ruohola-Baker et al., 1993; Sapir et al., 1998; Wasserman and Freeman, 1998; Zhao and Bownes, 1999) . On the other hand, although it is known that Grk acts as an initial signal for the dorsal , and the nurse cells (nc) are enveloped by a monolayer of somatic follicular epithelium cells (fc). After stage 8 of oogenesis, the nucleus of the oocyte (n) is located at the dorsoanterior corner of the oocyte. A, P, D, and V denote the anterior, posterior, dorsal, and ventral sides, respectively. (D) EGFR signaling in the dorsal appendage patterning. At stage 8/9, Grk, which is localized to the oocyte nucleus, activates EGFR signaling in the overlying follicle cells. This activation induces the expression of rho in the follicle cells. At stage 10, the EGFR ligand Spi is processed by Rho and activates the EGFR. This positive feedback loop amplifies the level of EGFR signaling. At this time, the vitelline membrane (vm) is also formed between the oocyte and the follicle cells. The resultant level of the EGFR signaling activation reaches a threshold sufficient for aos expression (dotted line). At stage 11, an Aos-involved negative feedback loop inhibits EGFR signaling on the midline. At stage 12/13, the EGFR signaling activation profile appears as twin peaks in the dorsoanterior region (yellow arrows), where two dorsal appendages are formed, one on each side of the dorsal midline. The red curved line indicates the level of activation of EGFR signaling. appendage formation in D. melanogaster, the distribution of grk mRNA is essentially indistinguishable in the two species (Peri et al., 1999) . Therefore, we decided to clone the cDNAs of the rho and aos homologs from D. virilis, to study the expression of these genes during the oogenesis of D. virilis. This approach allowed us to compare the regulation of EGFR signaling between D. virilis and D. melanogaster.
First, we cloned the cDNAs of rho and aos from D. virilis by performing degenerate PCR and RACE. The ClustalWderived alignment of the predicted amino acid sequences of D. virilis Rho and Aos are shown with orthologs from other species in Fig. 2A (Guichard et al., 2000; Wasserman et al., 2000) . The putative seven transmembrane domains, specific to the Rho family proteins, were predicted using the program TMHMM (http://www.cbs.dtu.dk/ services/TMHMM/). The predicted sequence of D. virilis Aos has the EGF motif that is specific to Aos proteins; this motif is necessary for its inhibitory function and identical to that of D. melanogaster Aos (Freeman et al., 1992; Howes et al., 1998 (Peri et al., 1999; Ruohola-Baker et al., 1993; Sapir et al., 1998; Wasserman and Freeman, 1998) . In agreement, our experiments showed that D. melanogaster rho is expressed in a broad 'spectacle-shape' on the dorsoanterior side, including the dorsal midline, at stage 10A (Fig. 3A) . At stage 10B, the expression pattern was refined into a narrow 'L-shaped' stripe on each side of the dorsoanterior midline (Fig. 3B) . Subsequently, the level of expression was quickly downregulated at stage 11 (Fig. 3C) . During the elongation of the two dorsal appendages, low levels of rho expression were detected in two domains (Fig. 3D) .
In comparison, we observed that D. virilis rho was strongly expressed in two broad lateral domains excluding the dorsal midline, at stage 10A (Fig. 3E) . Later, expression remained in the anterior of each domain, but was gradually lost from the posterior regions. Thereafter, the domains expressing D. virilis rho became a 'Vshaped' stripe with its apex missing, because of the lack of expression at the dorsal midline, in comparison to the 'L-shaped' stripes observed in D. melanogaster ( Fig. 3B and F). Subsequently, rho expression disappeared in the medial part of each linear domain, but was maintained at the anterior and posterior ends ( Fig. 3G and white arrowheads in H). Later, expression occurred in four domains at the dorsal anterior lateral region, and the anterolateral expression spread out towards the front ( Fig.  3I and white arrowheads in J). Under high magnification, separation of the rho-expressing cells into two domains in each lateral half became evident (Fig. 3K , a gap is indicated by two yellow arrowheads). The outlines of each domain obtained from three independent samples are shown schematically (Fig. 3L , shown in three different colors). Thus, this complex pattern of rho expression was very reproducible. The correlation between the number of rho expression domains and the number of dorsal appendages in each species suggests that the contribution of rho to the determination of the number of dorsal appendages is evolutionarily conserved.
2.1.2. aos is expressed at the dorsolateral sides in D. virilis, but on the dorsal midline in D. melanogaster
In D. melanogaster, aos is expressed in response to high levels of activation of EGFR signaling (Queenan et al., 1997; Wasserman and Freeman, 1998 ). aos's expression pattern, like rho's, changes spatially and temporally during oogenesis (Peri et al., 1999; Queenan et al., 1997; Wasserman and Freeman, 1998; Zhao and Bownes, 1999) . As previously reported, aos was expressed in a transverse domain at the boundary between the nurse cells and the oocyte at stage 10 ( Fig. 4A) . aos expression was then restricted to the dorsal midline at stage 11 (white arrowhead in Fig. 4B ). Subsequently, this domain spread laterally again and became 'T-shaped' at stage 12, when the two dorsal appendages are growing (Fig. 4C ). In addition, aos expression also began at the posterior pole follicle cells (Fig. 4C ). The anterior expression of aos extended anterolaterally and was divided into two portions at stage 13, the time at which the dorsal appendages elongate further (white arrowheads in Fig. 4D ).
In contrast, in D. virilis, aos expression was not detected in the midline; instead, it was expressed in two patches at the dorsal anterior lateral sides (white arrowheads in Fig. 4E ). This was similar to the region where rho was initially expressed. However, unlike rho, aos was not expressed at the boundary between the nurse cells and the oocyte; it was excluded from the cells near the border (white parentheses in Fig. 4E ). We noted that in the region expressing both aos and rho, the expression of rho subsequently disappeared, suggesting that Aos suppresses the expression of rho and refines rho expression as narrow stripes (compare Fig. 3F and E) . This aos function is probably unique to D. virilis. Although the expression of aos remained in the initial position, it gradually faded into scattered patches at stage 11 (Fig. 4F) . By stage 13, in contrast to the strong expression in D. melanogaster, the expression of D. virilis aos was hardly detectable dorsoanteriorly, but, like D. melanogaster aos, was expressed in the posterior pole follicle cells (Fig. 4G) . Also, aos expression was found along the edge of the operculum (Fig. 4H ) as well as around the micropyle (Fig. 4I ).
In both D. virilis and D. melanogaster, MAPK is activated at the position where rho is expressed and the dorsal appendage precursor cells are formed
MAPK is an essential downstream component required to transduce signals from the activated EGFR to the nucleus (Gabay et al., 1997a,b) . The pattern of MAPK activation reportedly corresponds to the regions where dorsal appendage precursor cells are formed . Activated MAPK can be detected by using an antibody against di-phosphorylated MAPK (Gabay et al., 1997a,b) . As previously shown in D. melanogaster, MAPK activation was observed in a 'T-shaped' domain on the dorsal midline at stage 9 to 10A (Fig. 5A) . At stage 10A, MAPK was activated in a 'spectacle-shaped' pattern ( Fig. 5B) , after which it was observed in two 'L-shaped' stripes on the dorsoanterior region (Fig. 5C ). Finally, MAPK activation was observed in two populations of cells at the dorsolateral sides (Fig. 5D ), which later become located around the two growing dorsal appendages.
In D. virilis, at stage 9 to 10A, the pattern of MAPK activation was similar to that of D. melanogaster, although the 'T-shaped' domain of the D. virilis egg seemed to be broader laterally (compare Fig. 5A and E) . This was the first dissimilarity in EGFR signaling between D. virilis and D. melanogaster that we observed. Later, the pattern of D. virilis changed significantly and became almost indistinguishable from the rho expression pattern at stage 10A (compare Fig. 3E and Fig. 5F ), after which its activation was refined into a 'V-shaped' domain at stage 10B, which once again resembled the rho expression pattern (compare Fig. 3F and 5G). Importantly, there were substantial differences in the activation pattern of MAPK between D. virilis and D. melanogaster; for example, MAPK was not activated in the medial region and its activation occurred more posteriorly in D. virilis (compare Fig. 5C and G) . At stage 12, each region that contained the activated MAPK split into two in D. virilis, whereas it continued as a single group of cells in D. melanogaster (compare Fig. 5D and H) . As observed for D. virilis rho expression, MAPK activation was detected in two discrete domains (Fig. 5I , a gap is shown by two yellow arrowheads). A gap between these two domains was clearly determined by a semi-quantitative analysis described below. The outlines of each domain obtained from three independent samples are shown schematically (Fig. 5J , shown in three different colors).
According to a previously proposed model for D. melanogaster, it is speculated that a peak of EGFR signaling activity should correlate with the position of a single dorsal appendage. Here, we tested this assumption in D. melanogaster and D. virilis by performing a semiquantitative analysis of the signals for MAPK activation. In Fig. 6 , the relative intensity of staining representing activated MAPK is shown in different colors ( Fig. 6A and E, red is high and blue is low). The activation of MAPK was observed as either a single peak or double peaks in D. melanogaster and D. virilis, respectively, on each side of the midline at stage 12 (white arrows in Fig. 6A and E) . Note that the activated MAPK appeared as nuclear staining that was detected as small peaks forming one or two larger summits. To make a close examination of these peaks, we performed another semi-quantitative analysis. The intensity of the signal was measured along either a horizontal or vertical line across the MAPK activation domains (Fig. 6B  and F) , and plotted (green in Fig. 6C,D,G -I) . Best-fit lines created according to a mathematical analysis were then superimposed on the graph (red in Fig. 6C,D,G -I) . In D. melanogaster, the activated MAPK was distributed as a single peak on either side of the midline along horizontal and vertical lines at stage 12 (L1, L2 in Fig. 6B , black arrows in Fig. 6C and D) . On the other hand, in D. virilis, the activated MAPK staining showed two peaks of intensity in each lateral half along a horizontal line at stage 12 (L1 in Fig. 6F , black arrows in Fig. 6G ), whereas each vertical line showed a single peak (L2, L3 in Fig. 6F , black arrows in Fig. 6H and I ). These results suggest that the number of peaks of EGFR signaling activity correlate well with the number of dorsal appendages; namely, a single dorsal appendage is formed from a single peak of EGFR signaling activity.
Broad-Complex (BR-C) was induced in the dorsal appendage-associated follicle cells with a species-specific pattern
In D. melanogaster, the BR-C protein is induced in the dorsal appendage-associated follicle cells (Deng and Bownes, 1997; Tzolovsky et al., 1999) . It is known that BR-C expression is regulated by EGFR signaling and is highly correlated with MAPK activation (Deng and Bownes, 1997; Peri et al., 1999) . We used the BR-C protein as a marker for the dorsal appendage-associated follicle cells, and followed its expression relative to the expression of rho and aos using anti-BRcore mouse monoclonal and rabbit polyclonal antibodies. Both antibodies cross-reacted with the BR-C of D. virilis, as assessed by in situ hybridization using a probe for D. virilis BR-C, which showed a similar pattern to that of anti-BR-C antibody staining (data not shown).
At stage 10B in D. melanogaster, BR-C was expressed in two lateral domains, and no staining was seen in a dorsoanterior medial 'T-shaped' region ( Fig. 7A) . At stage 12, the two groups of cells moved anteriorly and began to produce each dorsal appendage (Fig. 7B) . In D. virilis at stage 10B, BR-C was expressed in two domains that were larger than the expression domains of D. melanogaster at the dorsal anterior lateral sides (Fig. 7C) . Indeed, D. virilis had 1.75 times more cells expressing BR-C than did D. melanogaster (data not shown). This probably allows D. virilis to generate twice the number of dorsal appendages. Additionally, the dorsal appendage precursor cells originate from slightly different parts of the follicle cells in D. melanogaster and D. virilis: in D. virilis, staining of BR-C was absent in the dorsoanterior 'triangular' region at this stage, rather than lacking in the 'T-shaped' region, as observed in D. melanogaster (compare Fig. 7A and C) . Importantly, in both species the expression pattern of BR-C was similar to the pattern of MAPK activation (compare Fig. 5B and 7A, Fig. 5F and 7C ). This pattern continued until stage 11 to 12, and, unlike with rho, downregulation was not observed (compare Fig. 7C and D) .
At stage 12 in D. virilis, each domain expressing BR-C became a 'peanut shell' shape. Each domain appeared to consist of two groups of cells that were in contact with each other, rather than two separate groups (white arrowheads in Fig. 7D ). In D. virilis these four groups of cells roughly corresponded with the regions that form the dorsal appendages, which were visualized by rhodamine-phalloidin staining (white arrowheads in Fig. 7F ). In comparison, in D. melanogaster, a cluster of cells expressing BR-C in each lateral half corresponded to the area that developed a dorsal appendage (white arrowhead in Fig. 7E ). Although BR-C was expressed in elliptical dorsolateral domains in both species at stage 10B, the expression of rho and activation of MAPK occurred only in the stripes that were located anterior to the BR-C-expressing domains (Figs. 3B, F and 5C, G) .
To study the relative position of the cells expressing rho and BR-C, we double stained egg chambers by in situ hybridization of rho and immunostaining for BR-C. In both species, rho (shown in purple) was detected anteriorly, alongside the domains of cells expressing BR-C (shown in green) (Fig. 7I and L) . These results suggest that the activation of MAPK is a cue for the dorsal appendageassociated follicle cells to differentiate, and rho defines their anterior border.
Discussion
The morphology of eggshells has diverged evolutionarily in the genus Drosophila. Principally, each species has a strictly determined number of dorsal appendages, ranging from one to four (Patterson and Stone, 1952; Throckmorton, 1962) . To understand the underlying diversification of developmental mechanisms, we compared EGFR signaling activity between two species that have distinct egg morphologies, D. melanogaster and D. virilis, which have four and two dorsal appendages, respectively. In addition to EGFR signaling, several other signal-transduction pathways, such as the decapentaplegic (dpp) signal, play essential roles in the dorsal appendage development of D. melanogaster (Deng and Bownes, 1997; Peri and Roth, 2000; Twombly et al., 1996) . Because we did not investigate their expression here, the possible involvement of these signaling pathways in this diversification has not been included. In spite of this, our observations are consistent with the idea that diversification of EGFR signaling activity plays crucial roles in the evolution of eggshell morphology.
3.1. Link between the species-specific pattern of EGFR signaling activation and the diversity in the number of dorsal appendages
In this study, we found that the patterns of MAPK activation and rho expression coincide in D. melanogaster and D. virilis (Fig. 8) . Furthermore, at stage 10, the BR-Cexpressing cells seemed to be at the same position as the cells showing MAPK activation in these two species (Figs. 5B,F and 7A,C), although the correlation between MAPK activation and BR-C expression may not be simple (Peri et al., 1999) . Additionally, the anterior border of the BR-C expressing cells was apparently defined by rho in both species (Fig. 7I and L) . Therefore, despite the lack of functional studies in D. virilis, our results suggest that most of the roles of EGFR signaling in the formation of the dorsal appendages are conserved in D. melanogaster and D. virilis.
In spite of the suggested conservation of function, the pattern of MAPK activation and BR-C expression showed substantial divergence between D. melanogaster and D. virilis eggs (Fig. 8) . Importantly, the numbers and locations of the groups of cells that contained activated MAPK coincided with those giving rise to the dorsal appendages in both species. Therefore, we speculate that the species-specific expression of rho is a key factor responsible for the observed differences in the patterns of MAPK activation and BR-C expression, which are presumably responsible for the evolutionary divergence of eggshell morphology in these species.
D. virilis rho was expressed in a narrow 'V-shape' at stage 10B (Fig. 3F) . The middle portion of each stripe subsequently disappeared, although rho expression persisted at the anterior and posterior ends of each stripe at stage 11 (Fig. 3H) . As a consequence, the population of cells expressing rho was divided into two parts in each lateral half of the egg at stage 12 (Fig. 3J) . In contrast, after stage 10B, rho was expressed in a single domain in each lateral half in D. melanogaster (Fig. 3D) . In addition, the ectopic expression of Rho in the follicle cells is sufficient to induce extra dorsal appendage-like structures (Sapir et al., 1998) . Taking these results together, we speculate that the partitioning of the rho-expressing cell groups is a definitive step in determining the number of dorsal appendages. The inhibitory function of Aos may be involved in the division of rho expression into four domains, because the aos expression domain seemed to be juxtaposed to that of rho at stage 11. Alternatively, a putative negative regulator(s) of EGFR signaling that is induced in the midline region may suppress the rho expression in the middle part of its linear expression domain. Consequently, rho comes to be expressed in four domains.
The diversification of rho expression may be involved in some other aspect of eggshell evolution. In this study, we also found that D. virilis had 1.75 times more cells expressing BR-C than did D. melanogaster. However, from our results, it is difficult to evaluate the major contribution of the observed change in rho expression during eggshell evolution. Nevertheless, we believe that the change in the number of rho-expressing domains, rather than the mere increase in the number of cells expressing BR-C, plays a major role in the diversification of the dorsal appendage number, because of the following experimental observations in D. melanogaster. Deng and Bownes (1997) showed that the expansion of the BR-C-expression domain achieved by modulating the dpp signal did not change the number of dorsal appendages. Despite a greater number of dorsal appendage primordial cells, the same number of dorsal appendages, which appeared to be thicker than normal, was formed. In addition, the ubiquitous activation of EGFR signaling, achieved by overexpressing rho or an activated Raf under the control of a heat-shock promoter, altered the shape of the dorsal appendages but did not change their number (Brand and Perrimon, 1994; RuoholaBaker et al., 1993) . On the other hand, however, the ectopic expression of rho in a cell population that is isolated from the region that expresses it endogenously did result in the formation of extra dorsal appendages (Sapir et al., 1998) . Moreover, the generation of a Ras mutant clone that apparently divided the population of the dorsal appendage primordial cells led to the formation of an extra nub of chorion in addition to the normal number of dorsal appendages (James et al., 2002) . In summary, these results suggest that the number of peaks of MAPK activation and of domains expressing BR-C play an instructive role in determining the number of dorsal appendages, while the size of these domains regulates the net number of cells that participate in their formation.
3.2. Twin peaks of activation of EGFR signaling may be achieved in a different manner in D. virilis and D. melanogaster
As claimed by the twin-peaks model proposed for D. melanogaster, the initial EGFR activation is triggered by Grk localized at the dorsal midline of the oocyte at stage 8/9 . This leads to the expression of rho in the overlying follicle cells that receive the Grk signal. In cooperation with Spi, Rho triggers the positive feedback loop of EGFR signaling at stage 10. Consequently, the EGFR signal reaches its highest level at the dorsal midline, leading to the subsequent induction of aos at the dorsal midline at stage 11. The resulting signaling profile has twin peaks that maintain rho expression as a stripe of cells on either side of the dorsal midline.
Surprisingly, although MAPK activation was detected in the midline in D. virilis, the initial expression of rho was detected in two groups of follicle cells on the dorsolateral sides (Fig. 3E) . Notably, we could not detect rho expression in the dorsal midline. Furthermore, aos expression was not observed in the dorsal midline from stage 10 to 11, which suggests that Aos is not involved in inhibiting the EGFR signal in the dorsal midline. This observation suggests that in D. virilis the stripe of rho-expressing cells on either side of the midline is not specified by the sequential induction of rho and aos, in contrast to the twin-peaks model in D. melanogaster. Based on these results, we speculate that a negative regulator of EGFR signaling, other than Aos, is induced primarily in response to the Grk signal, and leads to the expression of rho in two domains in each lateral half. We speculate that a low level of EGFR signaling is sufficient to induce this putative inhibitor(s), and that this inhibitor(s) is induced in the broad area of the dorsoanterior region, because MAPK activation and rho expression were excluded from a broader area of this region in D. virilis than in D. melanogaster. This putative negative regulator(s) of EGFR signaling is probably induced prior to the induction of aos. Thus, aos may never be induced in the dorsal midline in D. virilis, because EGFR signaling never reaches a threshold that is high enough to induce it in this scenario. From studies in D. melanogaster, kekkon-1 and sprouty, two negative regulators of EGFR signaling, are strong candidates, although this issue has to be addressed in D. virilis (Ghiglione et al., 1999; Hacohen et al., 1998; Kramer et al., 1999; Reich et al., 1999) . Alternatively, an enhancer of rho may gain a novel characteristic to be repressed in response to the high level of EGFR signaling.
Experimental procedures
4.1. Cloning of the rho and aos cDNAs from D. virilis Double-stranded cDNA was synthesized using the Marathon cDNA Amplification Kit (Clontech) and embryonic mRNA (1 mg) from D. virilis. Degenerate PCR primers were designed to amplify the genomic fragments of rho and aos ( Fig. 2A and B ): for rho, 5 0 -TGGMGITTYIIIWSITAYAT-GTTYIIICA-3 0 and 5 0 -AAGACYTCNSWRTCGACGAC-3 0 (Fig. 2A) ; for aos, 5 0 -CAYACNATHGCNGAYAARAC-3 0 and 5 0 -CCYTTNGGRCAYTGRCA-3 0 (Fig. 2B) . 5 0 -and 3 0 -rapid amplification of cDNA ends (RACE) reactions were performed using the gene-specific primers (GSP) 1 and GSP2: for rho, 5 0 -GGTGCCCAGCGAACCGGCAAAGACGC-3 0 (GSP1) and 5 0 -CGTGCCGCTGGAGGTGATGCACGGC-3 0 (GSP2); for aos, 5 0 -GCACGGCTGCTTGCGCTGGCAAC-GTAGG-3 0 (GSP1) and 5 0 -CCGAGCAGGTCGTGCACTG-TCGTTGTCCC-3 0 (GSP2). The RACE products were sequenced and another round of PCR was performed to amplify the full-length cDNA using these primers: for rho, 5 0 -GGCAATTGGATTAAAAGCGCGCCCCCCC-3 0 and 5 0 -GGGAACGCAACGGAACGCAATGGAACGG-3 0 ; for aos, 5 0 -CCTGTAGGTGTATATGCGCGCAGTGCAG-3 0 and 5 0 -GAGGGGGACATAGAATGGGGGGGGG-3 0 . The full-length cDNAs of D. virilis rho and aos were inserted into the T-tailed EcoRV site of Bluescript KS(2 ) (termed Vrho1-5 and Vaos-20, respectively). GenBank accession numbers of D. virilis rho and aos are AB089248 and AB089249, respectively.
Ovary immunostaining
Ovaries were fixed in 4% paraformaldehyde in PBTw (PBS with 0.1% Tween-20) for 20 min and stored in methanol at 2 20 8C. After rehydration in PBTw and incubation in Block Ace (Dainippon Pharmaceutical), the ovaries were incubated with the primary antibody overnight at 4 8C. The remaining steps were performed as previously described (Gabay et al., 1997a) . The primary antibodies were an anti-activated MAP kinase monoclonal antibody (Sigma, titre 1:200) (Gabay et al., 1997a) and an antiBRcore mouse monoclonal antibody (25E9, titre 1:50) (Emery et al., 1994) .
Ovary RNA in situ hybridization
The hybridization probes for D. virilis rho and D. virilis aos were generated from Vrho1-5 and Vaos-20, respectively. Template plasmids for D. melanogaster rho and D. melanogaster aos were as described (Bier et al., 1990; Okano et al., 1992) . The RNA probes were labeled with digoxigenin (Roche). In situ hybridization was performed as described . For RNAprotein double labeling, the antisense RNA was hybridized to the ovaries, which were then washed and incubated with the primary antibody overnight at 4 8C. 25E9 and rabbit anti-BR-C core; titer 1:2000 (Dequier et al., 2001) , were used for D. melanogaster and D. virilis, respectively. The hybridized RNA probes were detected using the HNPP Fluorescent Detection Set (Roche); the ovaries were then incubated with the secondary antibody (anti-mouse, or antirabbit Alexa 488, Molecular Probes, titre 1:200 or 1:500, respectively) as above. The oogenesis stages were according to Spradling (1993) .
Rhodamine-labeled phalloidin staining of the ovaries
Ovaries were fixed in 4% paraformaldehyde in PBS and incubated with PBTw for 1 h. They were then incubated with 5 units/ml rhodamine phalloidin (R-415, Molecular Probes) for 1 h.
Image processing and data analysis
Semi-quantitative analyses of the MAPK activation were performed using Image-Pro Plus 4.5 (Planetron, Inc.). Images of the activated MAPK staining were converted to gray scale and invert image with Adobe Photoshop 6.0 (Adobe). The images were analyzed for brightness intensity, which was expressed as a range of 255 color gradations using the Surface Plot command of Image-Pro Plus 4.5 ( Fig. 6A and E) . The average of the brightness values between the two parallel lines indicated in each image ( Fig. 6B and F) was determined using the Line Profile command of the software and plotted. For the best-fit lines, all the trend lines were processed with a fourth-order polynomial equation.
